Introduction
Ionic liquids (ILs) are salts with melting points below 100˚C, typically consisting of nitrogen-containing organic cations such as 1-alkyl-3-methylimidazolium or N-alkylpyridinium together with an inorganic or organic anion commonly containing fluorine, for example, BF4
-, PF6 -, CF3COO -, SbF6 -, or (CF3SO2)2N -.
Current research indicates that replacing conventional molecular solvents with these media can bring about remarkable improvements in well-known processes: ionic liquids have already been applied in organic synthesis and catalysis, in the separation sciences, as electrolytes in batteries and solar cells, and as alternative lubricants. 1 Nowadays, there are two general approaches to the analysis of ILs: one identifies them as analytes in natural or artificial matrices, the other assesses their purity. Reported techniques for IL identification have above all been designed to track their concentrations, not only as residues in products and wastes, but also in biological and environmental samples. So far this has been done mainly via cation analysis, since it has been found, especially in biological and environmental experiments, that varying the anion affects the distribution and activity of imidazolium and pyridinium ILs to only a slight extent. Hyphenated techniques in this field are intended to selectively separate the quaternary entity from other cationic and non-ionic species present in the matrix and to enable its fine-scale quantification. Present-day methods of cation analysis are based primarily on reversed-phase high-performance liquid chromatography, ion chromatography and capillary electrophoresis, in which various buffered mobile phases are used. 2, 3 When applied to environmental samples, however, all these methods have one significant drawback: their sensitivity is low. The limit of detection of the IL cationic constituent is usually no less than 10 ppb. Sample pretreatment is therefore commonly required in quantitative assays for trace amounts of analytes in environmental or biological samples.
Recently, a selective method using cation-exchange solidphase extraction followed by selective elution was tested for cleaning up and preconcentrating IL cations from environmental water samples. 4 All the compounds examined with this method were best recovered with an acidic solution of methanol in saturated ammonium chloride. The method developed in the present work, however, is quite broadly selective; it is thus applicable not only to the ILs analyzed in this study but also to all side compounds of the matrix, whether in neutral or in ionized form.
However, the selectivity of the final chromatographic determination of preconcentrated analytes is usually poor, owing to the strongly hydrophilic character of these analytes.
One possible solution to these limitations is to use ion-pair (IP) reagents. These have long been used to alter the selectivity and enhance the polar character of reversed-phase (RP) packings in separation techniques. Typically, IP reagents contain a nonpolar portion, such as a long-chain aliphatic hydrocarbon, and a polar portion, such as an acid or base. The polar portion of the IP reagent interacts with the charged group on the analyte to form an ion pair, and the non-polar portion interacts with the RP media. Analyte retention can be enhanced by increasing the IP reagent concentration and also by lengthening the carbon chain on the IP reagent. and paraquat from drinking waters. 7 Because IL cations are structurally similar to quat herbicides, IP-SPE extraction methodology should be readily applicable to these compounds.
The present study aimed to investigate the usefulness of acidic IP reagents in the selective SPE of short-chain (2 < Cn < 5) alkylimidazolium IL cations and one N-butyl-4-methylpyridinium cation from aqueous media.
For this purpose, various concentrations of alkylsulfonates with different alkyl chain lengths were used in conjunction with solid reversed-phase extraction.
Experimental

Chemicals
The ionic liquids (ILs) selected for these studies were purchased from Merck KGaA (Darmstadt, Germany): 1-ethyl-3-methylimidazolium (EMIM), 1-propyl-3-methylimidazolium (PMIM), 1-butyl-3-methylimidazolium (BMIM), 1-amyl-3-methylimidazolium (AMIM) and N-butyl-4-methylpyridinium (MBPy) chlorides (see Table 1 ). Stock standard solutions of individual ionic liquids (1 M) were prepared in deionized water, and working solutions were obtained by dilution with water before use. HPLC gradient grade methanol and acetonitrile were from Lab-Scan (Dublin, Ireland). The monopotassium phosphate and 85% ortho-phosphoric acid for the buffer as well as ethylenediaminetetraacetic acid (EDTA), were purchased from POCh (Gliwice, Poland). Ammonium chloride was obtained from PPH (Lublin, Poland). The IP reagents sodium 1-hexane-, 1-heptane-and 1-decanesulfonates were obtained from Sigma Aldrich (St. Louis, MO); sodium 1-butane-sulfonate was from Merck KGaA (Germany). The individual stock solutions (0.5 M) of each IP reagent were prepared in deionized water.
Environmental water samples
The seawater sample was taken from the coastal waters of the Gulf of Gdansk and the freshwater sample was taken from the Królewski stream, which flows through the City of Gdansk.
Solid-phase ion-pair extraction
The solid-phase extraction was carried out in Chromabond ® C18 500 mg/6 mL cartridges purchased from Macharey-Nagel (Düren, Germany). A preliminary study was carried out using 10 mL deionized water spiked with 0.17 mM of EMIM, PMIM, BMIM, AMIM and MBPy. The IP reagents, sodium 1-butane-, 1-hexane-, 1-heptane-and 1-decanesulfonates (designated IP-4, IP-6, IP-7 and IP-10, respectively) at different concentrations (5, 50, 100, 150 and 200 mM) were added to the sample. The seawater and freshwater was first passed through a 0.45-mm filter under suction. In the next step the environmental water samples (100 mL) were spiked with different concentrations of ILs (0.5 -50 mM) and pretreated with EDTA to remove interference by various metal ions naturally present in the environmental waters. It was assumed that, with 1 g L -1 of EDTA, removal of matrix cations would be complete. 4 All the samples were prepared as detailed above and then extracted using the IP-SPE technique as follows:
Condition 1: 5 mL methanol followed by 5 mL of water Condition 2: 2 mL aq. IP reagent at the same concentration as in the sample Load sample: Wash, 5 mL 5% methanol; Elute, 4 mL 50% methanol in saturated ammonium chloride at pH 3. This extraction procedure was developed by performing a series of experiments in an effort to extract the imidazolium ILs and the one pyridinium IL with satisfactory recovery.
Instrumentation and analytical procedures
The analytical system used in the experiments was a highperformance liquid chromatograph (Perkin Elmer Series 200) consisting of a chromatographic interface (Link 600), a binary pump, a UV/VIS detector, a vacuum degasser and a Rheodyne injection valve. IL separation was performed on a Gemini C6-Phenyl RP 150 ¥ 4.6 mm 5 m column (Phenomenex). The mobile phase was methanol (EMIM analysis) or acetonitrile (PMIM, BMIM, AMIM and MBPy analyses) at concentrations from 1 to 3% (v/v) mixed with 5 mM phosphate buffer (KH2PO4/H3PO4) adjusted to pH 3. The analyses were conducted in isocratic mode at ambient temperature at a flow rate of 0.8 mL min -1 . The separation column was equilibrated with the mobile phase until baseline stabilization, at which point the samples (10 mL) were injected. The elution profiles were monitored at l = 218 nm (the optimum for UV absorption by ionic liquids). All chromatographic analyses were carried out on three replicates.
Assay characteristics for method validation
The linearity of the analytical method developed here was determined for all five analyzed ILs in seawater and freshwater samples, spiked in the 0.5 -500 mM concentration range. The limits of detection (LOD) of the analytical method developed in this study for all the analytes in seawater and freshwater were established by measuring 10 independent blank samples fortified at the lowest acceptable concentration: LODs were equal to three times the blank standard deviation of the measured signals. 8 The limits of quantification (LOQ) were calculated as twice the LOD values. The repeatability of the method (expressed in RSD values) was determined by having the seawater and freshwater samples spiked with BMIM at three concentrations: 0.5, 5 and 50 mM. Environmental water samples were analyzed by the same person under the same conditions on two consecutive days. For seawater and freshwater two extraction series were measured in five replicates for each concentration.
Results and Discussion
A feature common to imidazolium and pyridinium ILs is the delocalized positive charge of the cationic constituent, which is responsible for their very low lipophilicities 9 (Table 1) . This prevents the isolation and concentration of these entities based on direct bi-phase organic transfer, at least when the alkyl chain is shorter than six carbon atoms, which was the case in our This can be conveniently done by preconcentrating ionic liquids using an SPE system in the presence of IP reagents. As outlined in the Introduction, analyte retention in such a system can be improved either by increasing the IP reagent concentration or by lengthening the carbon chain on the IP reagent. In a preliminary study we therefore used sodium alkylsulfonates with various alkyl chain lengths (4, 6, 7 and 10 carbon atoms) at different concentrations (5, 50, 100, 150 and 200 mM). In those tests we used 10 mL of deionized water spiked with 0.17 mM of EMIM, PMIM, BMIM, AMIM and MBPy ionic liquids. After IP-SPE preconcentration, the samples were eluted using systems consisting of various proportions of methanol and saturated ammonium chloride. It was found that neither salt, nor organic solvent nor the acid solution alone were able to elute quantitatively sorbed ionic liquids. It was found that the best overall recoveries were obtained with a 50% methanol solution of saturated NH4Cl adjusted to pH 3 with ortho-phosphoric acid. This was in accordance to our previous studies on the solid-phase extraction of ionic liquids from aqueous environmental samples using a strong cation exchange resin. 4 Figure 1 shows the recoveries achieved using IP reagents of different lipophilicity and concentration. The generally observed trend was that the recovery of the two cations with the shortest alkyl residues (EMIM and PMIM) was poorer (70 -80% at best) than that of the other compounds (BMIM, AMIM and MBPy) (in most cases at or close to 100%). It seems, therefore, that the formation of an ion pair and its further transfer to the organic solid phase from an aqueous solution may be limited by the strongly hydrophilic character of the low-molecular IL cations. Most likely, the ion pairs, although with the charges on the analyte cation and the IP reagent mostly neutralized, still exhibit a very high polarity via an unshielded quaternary complex with the sulfonate moiety. This may then lead to the preferential solvation of this entity by the polar agents present in the extraction system, thereby reducing its retention in the organic phase. When the cation contains a longer alkyl chain, the ion pair may be preferentially solvated by the lipophilic components of the extraction system, thus enhancing its retention in the organic solid phase. 10 The reduced adsolubilization of the less hydrophobic quaternary compounds paired with IP reagents in comparison to more hydrophobic cations has also been observed by other authors. 11 Moreover, and especially in the case of PMIM, recoveries varied significantly with the change in the alkyl chain length of the IP reagent (e.g. 40% for IP-4 and 80% for IP-7 in one concentration range). These differences are not as large in the other IL extractions and, except for IP-10, there were usually no 1258 ANALYTICAL SCIENCES OCTOBER 2008, VOL. 24 significant differences in recoveries when using 1-butane-, 1-hexane-or 1-heptanesulfonate. For all ionic liquids cations, except MBPy, unexpectedly poor recoveries compared with other alkyl sulfonate IP reagents were observed using 1-decanesulfonate salt. It is therefore possible that in this range of the alkyl chain length additional interactions may occur, acting repulsively to the extracted cations. Nevertheless further research in this area would be necessary to explain observed phenomenon.
Because the effective capacity of the column is determined mainly by the ion-pair reagent concentration, retention of the analyte will increase as the concentration of reagent is increased. However, electrostatic repulsion of reagent molecules on the stationary phase surface will ultimately limit the degree to which the capacity of the column can be increased. Furthermore, the predicted equilibrium concentration of IP reagent is often underestimated, since the effective number of available charges may be much reduced due to additional interactions that will occur in such a complex system. 12 Therefore, in this study, we have decided to check the overall influence of the IP reagent concentration (5 -200 mM) on the retention of the studied analytes. However, it was observed that the use of different concentrations of IP reagents made little difference to the final recoveries. Thus, in the case studied here, the application of just 5 mM of alkylsulfonates is just as effective as that of 150 or 200 mM, which makes this method economically attractive. In nearly all cases, the best recoveries were obtained with the 1-heptanesulfonate reagent (IP-7), from 76% for PMIM or EMIM to 103% for BMIM, AMIM or MBPy, respectively. 1-Heptanesulfonate was also successfully used in several other applications of IP-SPE methodology. Paraquat and diquat were preconcentrated with this method from urine 13 or rat brain.
14 Additionally, salts of heptasulfonic acid were employed as IP reagents in the SPE preconcentration of dihydrostreptomycin from milk 15, 16 or streptomycin from various other foodstuffs. 17 This reagent was therefore chosen for further studies in our research, such as determination of breakthrough volume, analytical performance parameters and applicability of the method. The amount and volume of a sample solution that can be preconcentrated depends on the nature of the sorbent system, the characteristics of the conditioning solvent, and the flow rate used during the extraction. The final obtainable enrichment factor is determined by the breakthrough volume. In this study, various sample volumes (10 -300 mL) of deionized water were spiked with the same amounts of ILs. Samples above 300 mL were not analyzed owing to the relatively long analysis time needed in this procedure. The spiked water samples were passed through SPE cartridges pretreated with 5 mM of IP-7 solution at flow rates of 10 mL min -1 . Figure 2 shows the breakthrough curves obtained for the ILs using the studied extraction system. For the 1-butyl-, 1-amyl-3-methylimidazolium and N-butyl-4-methylpyridinium compounds, good recoveries (mean values of three experiments) of up to 300 mL were obtained; in no case was recovery less than 92%. The situation was quite different with the other two cations, however. In the case of the 1-ethyl-and 1-propyl-3-methylimidazolium ILs recoveries were satisfactory only up to 50 mL. Above this volume, recoveries consistently dropped to <70%. Under the chosen conditions, the linearity of the method developed here was determined for all five ILs in the seawater and freshwater samples, spiked in the 0.5 -500 mM concentration range (results, see Table 2 ). The correlation coefficients for the resultant calibration plots ranged from 0.9981 -0.9993. Table 3 gives the limits of detection (LOD) and the limits of quantification (LOQ). With this methodology it is possible to preconcentrate quantities ranging from 0.01 to 0.06 ppm. Finally, the repeatability of the method was assessed by having the seawater and freshwater samples spiked with BMIM at three concentrations, 0.5, 5 and 50 mM. The environmental water samples were analyzed by the same person under the same conditions on two consecutive days. For the seawater and freshwater, two extraction series were measured in five replicates for each concentration. The repeatability (expressed in Table 4 as %RSD) ranged from 1.63 to 4.81%.
In order to evaluate the applicability of the method, we analyzed the seawater and freshwater samples. Before each preconcentration step, the water samples (100 mL each) spiked at different levels (0.5, 5, 50 mM) were pretreated with EDTA to prevent interference from metal ions. Preliminary results obtained without chelating agents showed lower recoveries of the studied analytes. Table 5 summarizes the mean recoveries of various concentrations of ILs extracted from two different environmental matrices. As in the preliminary assessment of the utility of the IP-SPE system for preconcentrating ILs, the best mean recoveries were obtained for BMIM, AMIM and MBPy (from 93.5 to 102.7%); in the case of PMIM and EMIM, extraction with the IP-SPE system was less effective (recoveries between 70.6 and 78.8%). Moreover, for all the compounds analyzed in this study, it was noticed that the level of recovery was strictly related to the IL concentration in the spiked water samples. Recoveries at the 100 ± 2% level were obtained for samples spiked with 50 mM solutions of BMIM, AMIM and MBPy, but fell to 94 ± 2% for 0.5 mM solutions. In the case of EMIM and PMIM, 77 ± 2% recoveries were obtained for samples spiked with 50 mM solutions, but as in the case described above, they dropped to 72 ± 2% when 0.5 mM was extracted. Since no matrix interference was detected in the unspiked seawater and freshwater, the estimated limits of detection (from 0.1 to 10 mM) were quite similar to those obtained by preconcentrating standard solutions.
Conclusions
Solid phase extraction using C-18 packing and an ion-pair reagent was demonstrated to be a good approach to the analysis of ionic liquid (IL) cations in water samples. The simple method is thought to be applicable to imidazolium and pyridinium ILs based on a similar design. It was possible to enrich all the studied ILs on a reversed-phase resin in the presence of sodium 1-heptanesulfonate and to elute them selectively from two different matrices without interfering compounds, which could influence the chromatographic separation of the analyzed cations. Recoveries of the 1-butyl-and 1-amyl-3-methylimidazolium and N-butyl-4-methylpyridinium compounds were almost complete, but those of the 1-ethyl-and 1-propyl-3-methylimidazolium compounds were less satisfactory.
Preconcentration of environmental samples showed that the proposed method could be applied to the analysis of these entities with very good recoveries. In the future, attempts should be made to improve the sensitivity and selectivity of the method, especially with respect to highly polar cations.
